Abstract: A method of using gradient index conical lenses (GRIN-CL) to increase the angular tolerance of free space optical interconnects is presented. Simulation results show that GRIN-CL has 3 times higher angular tolerances than simple microlenses.
Introduction
In a typical free space optical interconnect (FSOI) system [1] [2] the light beams at the detector surface have both lateral and angular misalignments because of misalignments at different stages, including light source, microlens array, relay lens, etc. These misalignments will decrease the detection efficiency and increase crosstalk between adjacent channels, degrading the signal to noise ratio (SNR) and increasing the bit error rate (BER).
Generally, a microlens is used in front of the detector to increase the lateral tolerance of the light beams. However, the use of a microlens also decreases the angular tolerance from 180 degree to a finite number [3] . This angular tolerance is directly proportional to the diameter of the detector and inversely proportional to the focal length of the microlens. For a focal length of 1000 µm (which is the lowest practical limit of a singlet lens, assuming the microlens a diameter of 500 µm) and detector diameter of 100 µm (which is the upper limit for high speed detector), the acceptance angle is about 3 deg. For some applications such as board to board FSOI, this tolerance might be too small.
In this paper, a method to improve the angular tolerance by using a gradient index conical lens (GRIN-CL) is presented, as well as its simulation method in commercial optical design software. Also we will discuss the simulation results of GRIN-CL with different shapes and index profiles.
Method of using GRIN-CL to increase tolerance

Introduction of GRIN-CL
A GRIN-CL is a lens with a tapered shape and a gradient refractive index. Several studies have addressed ray propagation in normal conical GRIN lenses, especially with Gaussian, or parabolic index profiles [4] [5] . For normal conical GRIN lenses with a parabolic index profile, the ray trajectories can be obtained analytically by solving the eikonal equation [4] . The solution shows that the behavior of a ray in a normal conical lens is a sinusoidal in radius, decreasing as the ray moves toward the conical tip [4] .
Conical lenses can focus light while maintaining a larger acceptance angle than a simple lens, because of the gradient index and total inner reflection at the side walls. Thus if we employ a conical lens array before detectors instead of a microlens array, the large acceptance angle may help to increase the angular misalignment tolerance of the optical system.
Simulation models for GRIN-CL
Based on current commercial optical simulation software, GRIN lenses with a conical shape cannot be simulated directly, but several models can provide an approximate simulation. The three models are: sequential surfaces model (SS model, as in Fig. 1a ), nested cones model (NC model, as in Fig. 1b) , and segmented nested cones model (SNC model, as in Fig. 1c The SS model works very well for paraxial beam propagations, but has difficulty in dealing with reflections on the side boundary. The NC model is suitable to side boundary reflection, but only for a normal cone shape. The SNC model is an improved NC model. Since each segment has the property of NC model, it has no difficulty in dealing with reflections at the boundary. Now that the whole conical lens consists of several segments, the shape profile can be implemented by designating different cone radii for different sections.
Simulation procedure
In order to build a GRIN-CL in CODE V as accurately as possible, a large number of surfaces are used. Generally the surface number is several hundred. Due to the fact that these surfaces follow some common rules, we used a helper program (written in Visual C++) to generate these surfaces in CODE V. After this model is built in CODE V, tolerance tests can be implemented.
Simulation Results
The purpose of our simulations is to investigate the acceptance angles of GRIN-CL with different refractive index profiles and shape profiles for various beam diameters.
The parameters for the GRIN-CL are as following. The basic refractive index is n 0 = 1.50, which is a practical value for commercial plastic. For Gaussian index, the refractive index change from the center to the boundary is 05 . 0 = ∆n , which is possible for most GRIN lens fabrication. The cone length is 5mm, and the diameter of the entry and exit faces are 0.5mm and 0.1mm respectively.
Comparison of solid index profile and Gaussian index profile
The transmission efficiency, defined as the percentage of incident intensity which is directed to the detector surface, is used to compare the different structures. The efficiency with different normalized diameters and at different incident angles are plotted in Fig.2 , where the normalized beam diameter is defined as the ratio of the diameter of the incident beam to that of the lens entrance. It is seen that for both uniform and Gaussian refractive index profiles and a given beam diameter, the efficiency drops with increasing incident angles. From the results we can see that the efficiency of Gaussian index profile lens drops more slowly than uniform index profile lens. Specifically, when the beam diameter is 0.5 (250µm), for a threshold of 80%, the acceptance angle for the Gaussian index lens is more than 15° and more than 10° for the solid index lens. In either case the acceptance angle is much larger than that with a simple lens, which is about 3° as mentioned earlier. So we can conclude here that the Gaussian index profile has better performance than solid index profile in tolerance increasing.
Comparison of different shape profiles
Since the Gaussian index profile has a better performance than uniform index profile, we further investigated the shape effects for Gaussian index profile. Three typical shapes are explored: normal, concave, and convex cones. The normal cone has straight side walls, while the convex and concave cones are given an outward or inward curvature at the side walls. As shown in Fig. 3 , the concave shape has the worst performance, at both 10 and 15 degree incident angles, while the convex and normal conical lenses have similar performance. Although the convex cone shape performance marginally better than the normal cone shape, the normal cone shape may be more practical because it is much easier to fabricate while has almost the same performance. 
Conclusion
By using practical models to simulate GRIN-CLs, we verified that the GRIN-CL has a much larger angular misalignment tolerance than a simple lens in front of detectors in FSOI. The shapes and refractive index profiles both have effects on the acceptance angles of a GRIN-CL. A Gaussian index profile has a better transmission efficiency than a solid index profile, and a convex shape provides the best performance. Both convex and normal cones are better than a concave cone shape.
For a FSOI system, a Gaussian index profile GRIN-CL can provide a 15 degree angular tolerance for a threshold of 50%, and a 10 degree tolerance for a threshold of 80%; In the same system, a simple lens can only provide about 3 degrees of angular tolerance. Thus the GRIN-CL is an attractive alternative to a simple microlens.
